Neonatal hypoxia-ischemia (HI) in the preterm human results in damage to subcortical developing white matter and cognitive impairments. Subplate neurons (SPNs) are among the first-born cortical neurons and are necessary for normal cerebral development. While moderate or severe HI at P1 in rats leads to SPN loss, it is unclear if HI, esp. forms not associated with overt cell loss lead to altered SPN circuits. Thus, we used two HI models with different severities in P1 rats. Cauterization of the common carotid artery (CCA) causes a largely transient and thus milder ischemia (HI-Caut) while CCA ligation causes more severe ischemia (HI-Lig). While HI-Lig caused subplate damage, HI-Caut did not cause overt histological damage on the light microscopic level. We used laser-scanning photostimulation (LSPS) in acute thalamocortical slices of auditory cortex during P5-10 to study the functional connectivity of SPNs. Both HI categories resulted in hyperconnectivity of excitatory and inhibitory circuits to SPNs. Thus, alterations on the circuit level are present in the absence of cell loss. Our results show that SPN circuits are uniquely susceptible to HI. Given the key developmental role of SPNs, our results suggest that altered SPN circuits might underlie the abnormal development of cortical function after HI.
Introduction
Early birth or disruptions of prenatal brain development result in increased risk of cognitive impairments. For example, hypoxicischemic (HI) brain injuries disrupt normal maturation and consequently increases the risk of developing cerebral palsy and epilepsy in infants (du Plessis and Volpe 2002; Ferriero 2004; Volpe 2012) . Rodent models of HI show that sensory evoked activity and plasticity in sensory cortices are impaired consequent to HI (Failor et al. 2010; Ranasinghe et al. 2015) , suggesting that underlying cortical circuits might have changed. However, it is unclear which specific circuits are affected by HI, and how this change translates to reduced overall network activity.
One important neuronal circuit present in early cortical development is formed by subplate neurons (SPNs). SPNs are a largely transient neuronal population that is highly overrepresented in humans (Kostovic and Rakic 1990; Kanold and Luhmann 2010; Judas et al. 2013) . SPNs receive thalamic inputs (Friauf et al. 1990; Higashi et al. 2005; Zhao et al. 2009 ), respond to early sensory stimuli (Wess et al. 2017) , and excite developing layer 4 neurons (Zhao et al. 2009; Deng et al. 2017) . Thus, at early ages SPNs provide a relay of thalamic information to the developing cortical plate. Since SPNs also receive functional inputs from the developing cortical plate (Viswanathan et al. 2012; Meng et al. 2014) , SPNs integrate early ascending information from the thalamus with ongoing activity in the cortical plate.
SPN ablations in early development have been shown to result in a variety of deficits on both anatomical and functional levels. SPN ablations prevented the functional and anatomical maturation of thalamocortical circuits, the development of sensory responses, and altered plasticity during the critical period Kanold and Shatz 2006; Tolner et al. 2012) .
HI injuries, in particular those of higher severity, cause a loss of a fraction of SPNs labeled with bromodeoxyuridine (BrdU) at their birth (McQuillen et al. 2003; Failor et al. 2010) suggesting that SPNs are vulnerable to HI performed at~P1 (McQuillen et al. 2003; McQuillen and Ferriero 2005; Millar et al. 2017) . Such early HI injury also leads to abnormal functional cortical responses at later ages (Failor et al. 2010; Ranasinghe et al. 2015) , which were reminiscent of the consequences of SPN ablations including altered sensory responses and cortical oscillatory patterns Kanold and Shatz 2006; Tolner et al. 2012) . Together these HI studies in rodent suggested that HI led to SPN abnormalities which in turn prevented normal development of functional responses.
Normal functional responses in sensory cortices depend on mature thalamocortical and intracortical circuits. While the effects of moderate to severe HI on the numbers of SPNs neurons have been established, how milder injuries lead to functional changes at later ages has not been established. In particular, besides SPN loss observed in moderate to severe cases of HI, milder forms of HI could cause functional changes in SPN circuits. To identify such functional changes, we investigated the effects of HI on intracortical circuits to SPNs.
To delineate functional changes from cell loss, we used 2 rat HI models with different severities. Cauterization of the common carotid artery (CCA) caused a largely transient (Segovia et al. 2008 ) and thus milder form of ischemia (HI-Caut) while ligating the CCA caused a permanent, and thus more severe form of ischemia (HI-Lig). We performed HI at P1 and found that neither HI-Lig nor HI-Caut resulted in gross loss of SPNs.
In humans, HI can cause a disruption of fine and gross motor function, speech, and language development, cerebral palsy and abnormalities in cognitive function (Robertson and Perlman 2006; Lai and Yang 2011; Martinez et al. 2014) . We thus here focused on the auditory cortex (ACX). To determine if either form of HI has effects beyond SP lesions, we used laserscanning photostimulation (LSPS) to analyze the functional spatial connection patterns of SPNs during postnatal day (P) 5-10 in a thalamocortical slice preparation of ACX. Both HI-Caut and HI-Lig caused hyperconnectivity of excitatory and inhibitory connections to SPNs. These results show that functional changes were present in the absence of histological SPN loss. Together these results suggest that SPNs are injured by HI, and that disruptions of SPN circuits may lead to the abnormal cortical function observed after HI.
Preliminary results were presented in abstract form ).
Methods
All procedures were approved by the University of Maryland Institutional Animal Care and Use Committee.
Animals
Timed-pregnant Sprague-Dawley rats were obtained from Charles River. Time of birth was marked P0 (±0.5 day).
Hypoxia-Ischemia
Sprague-Dawley pups at postnatal day (P) 1-2 were anesthetized with 2-4% isoflurane for the Rice-Vannucci procedure (McQuillen et al. 2003; Failor et al. 2010; Ranasinghe et al. 2015) . A small incision was made in the midline of the neck just above the sternal notch. The common carotid artery (CCA) was exposed and coagulated. Care was taken not to damage the sympathetic ganglion chain in order to avoid Horner's Syndrome, which results in ptosis. Different surgical techniques were used to cause ischemia of different severities. Cauterization of the CCA caused a largely transient and thus milder form of ischemia (HI-Caut). Alternatively, ligating the CCA with a single suture caused a permanent, and more severe form of ischemia (HI-Lig). Sham surgeries exposing the CCA were performed as a control. Because the common carotid artery is proximal to the circle of Willis, both techniques only cause partial ischemia.
After recovery, the pups were returned to the dam in normal room air for 2 h. Following recovery, the pups were placed in humidified chambers (Lexan, UMD Physics shop) and exposed to 5% oxygen (concentration monitored in chamber by UV Flux 25% Oxygen Sensor Module CM-0201, co2meter.com; GasLab ® software), balanced nitrogen for 2-3 h and then returned to the dam. Chamber temperature was held constant by a water bath. During hypoxia, one pup from each litter was monitored for skin temperature. Skin temperature was kept constant at 35°C. Surviving pups were removed if the total mortality rate for the entire litter reached 30-50% on average. Chambers remained closed until the end of the hypoxia procedure.
Cortical Thickness Analysis
Animals were deeply anesthetized with isoflurane and were perfused transcardially with 4% paraformaldehyde (PFA). When brains were removed, the right hemisphere of the brain was cut below the rhinal fissure to retain the identity of the ischemic hemisphere throughout histology experiments. Brains were postfixed overnight in 4% PFA at 4°C, transferred to 30% sucrose in PBS, and coronal sections (50 μm) were cut on a freezing sliding microtome. Nissl staining allowed for identification of cortical layers including the subplate and the ventricular boundaries. Free-floating 50 μm coronal sections were rinsed in PBS, mounted and stained with cresyl violet. Slides were scanned at 1× (Nikon Super Coolscan 9000ED) and cortical thickness was measured in MATLAB. Measurements were taken from pia to ventricle. We calculated the ratio of the extent of auditory cortex (ACX) in both hemispheres. The location of the measured area of ACX was identified by the position relative to the hippocampus. We then averaged the ratios from all slices from each brain. Brains from each condition (Control, HI-Caut, and HI-Lig) were measured for cortical shrinkage. 
Quantification of Infarct Volume
Quantification of infarct volume was performed as described previously (Ranasinghe et al. 2015; Mikhailova et al. 2017) . Paraformaldehyde perfusion fixed brains were cryoprotected and sectioned on a freezing sliding microtome at 80 μm. For Nissl staining, every 12th section was collected and mounted on a slide, and then stained with cresyl violet. We used the Cavalieri method (StereoInvestigator) on Nissl stained sections to evaluate hemispheric volumes of 3 groups of animals: Control, HI-ligated, HI-cauterized. Infarct volume ratios are defined as (hypoxia hemisphere -HI hemisphere)/hypoxia hemisphere × 100. Ventricles were excluded from the tracing area.
Immunofluorescence
For complexin-3 immunostaining, sections were blocked (5% donkey serum, 10% BSA, 5% fish skin gelatin, and 0.1% Triton X-100 in 0.1 M phosphate-buffered saline) and then incubated overnight with anti-Complexin-3 antibody (1:1000; rabbit polyclonal, 122 302, Synaptic Systems). Following primary incubation and washing, sections were incubated with secondary antibody (1:500; donkey antirabbit labeled with AlexaFluor488; Jackson) and counterstained with DAPI (PureBlu™; BioRad). Sections were imaged using Zeiss Axioscope II Epifluorescence microscope at ×10.
Brain Slice Preparation and Solutions
Thalamocortical brain slices were prepared as previously described for mice (Zhao et al. 2009; Viswanathan et al. 2012; Meng et al. 2014) . Rats of either sex were used. Rats were deeply anesthetized with isoflurane prior to decapitation and removal of the brain. Acute thalamocortical slices (500 μm) were prepared using a vibrating microtome (Leica) in ice-cold artificial cerebral spinal fluid (ACSF) consisting of (in mM): 130 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 20 NaHCO 3 , 10 glucose, 1.3 MgSO 4 , 2.5 CaCl, pH 7.35−7.4, equilibrated with 95% O 2 −5% CO 2 . The slices were incubated in ACSF for 1 h at 30°C and then kept at room temperature.
Electrophysiology
Whole-cell recordings were performed on P5-10 subplate neurons with a patch-clamp amplifier (Multiclamp 700B; Molecular Devices). Electrodes were filled with (in mM): 115 cesium methanesulfonate (CsCH 3 SO 3 ), 5 NaF, 10 EGTA, 15 CsCl, 3.5 MgATP, 3 QX-314, pH 7.25, 300 mOsm. Biocytin or Neurobiotin (0.5%) was added to the electrode solution as needed. To reduce the probability of multi-synaptic events, all slices are perfused during recording with a high-Mg 2+ ACSF solution: 124 NaCl, 5
KCl, 1.23 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 4 MgCl 2 , 4 CaCl 2 . The electrode resistance in the bath was 4-10 MΩ. Data were acquired with a National Instruments AD board and software EPHUS (Suter et al. 2010) . Membrane voltages were corrected for an estimated liquid junction potential of 10 mV. Soma activation profiles of neurons were created by recording in loosepatch mode while mapping the same area and recording action potentials.
Dendritic Morphological Analysis
Recorded cells filled with Biocytin were stained and reconstructed in Neurolucida (MBF Bioscience). Sholl analysis was performed in Neurolucida.
Laser-scanning Photostimulation (LSPS)
LSPS was performed as previously described (Viswanathan et al. 2012; Meng et al. 2014) . 0.5-1 mM caged glutamate (Ncm- (Kao 2006; Muralidharan et al. 2016 ) was added to the ACSF. We typically stimulated an array of up to 30 × 30 sites with 40 μm spacing to enable us to probe areas of~1 mm × 1 mm. Stimuli were applied at 1 Hz. Laser power (<25 mW) was adjusted to achieve reliable neuron activation and reproducible maps. The same settings were used through all experiments. To detect monosynaptically evoked EPSCs, we measured peak EPSC amplitudes in a 50 ms time window after the stimulation. AMPARmediated responses were recorded by holding cells at −70 mV, while GABA-mediated responses were recorded at a 0 mV holding potential. Traces containing a short-latency (~8 ms) response were considered to result from direct activation of receptors on the patched cell and were excluded from analysis. Traces with latencies longer than 50 ms were discarded due to potential involvement of polysynaptic components. Analysis was performed essentially as previously described with custom software written in MATLAB (Meng et al. 2014) . Layer boundaries were determined from infrared images as previously described (Meng et al. 2014 ).
Statistics
Results are analyzed by using the Multiple Comparison test. To perform multiple comparison of group means, we used oneway ANOVA or Kruskal-Wallis test based upon normality of the data. Histology analysis results are plotted as boxplots using two-sided Student's t-test or one-way ANOVA (normally distributed).
Results

Mild Neonatal HI Does Not Cause SPN Loss
We sought to investigate the influence of HI on SPN circuits. Since the effects on SPNs and other neurons might depend on the amount of injury, we investigated the effect of different amounts of injury by utilizing two different surgical techniques to induce the ischemia: cauterization or ligation of the CCA. Cauterization causes a reversible ischemia (HI-Caut), while ligation causes permanent ischemia (HI-Lig). Thus, the latter procedure is likely to induce a more severe damage than the former. We performed HI at P1-2 because SPNs have been shown to be vulnerable to injury at these ages (McQuillen et al. 2003; Failor et al. 2010; Ranasinghe et al. 2015; Mikhailova et al. 2017) . We first assessed the severity of injury to auditory cortex and selective vulnerability of SPNs resulting from our two different HI procedures on the histological level. Prior studies distinguished 3 categories of brain injury: "mild", "moderate", and "severe" based on cortical shrinkage and loss of SPNs identified by BrdU birthdating (McQuillen et al. 2003; Failor et al. 2010) . To evaluate the amount of shrinkage of auditory cortex, we harvested brains at P5-P10 from HI or control animals and used Nissl staining to reveal the extent of the cortical layers in the manipulated and unmanipulated hemispheres (Fig. 1A) . We found that compared with Control, HI-Caut did not result in significant cortical shrinkage while HI-Lig resulted in cortical shrinkage of similar in degree to the "mild" category (McQuillen et al. 2003; Failor et al. 2010) (Fig. 1B) . Since cortical shrinkage can result from a variety of causes, we next analyzed injury severity in the two methods in more detail using stereological measurements (Mikhailova et al. 2017 ). We used a separate cohort of animals (N = 22) and compared animals receiving HI or control littermates by an independent group blinded to condition. Injury severity was measured using categorical injury scoring, stereologic measurement of infarct volume, and qualitative assessment of subplate neurons identified by Complexin-3 expression (Hoerder-Suabedissen et al. 2009; Viswanathan et al. 2012 Viswanathan et al. , 2016 Mikhailova et al. 2017) . Most animals in the HI groups (N = 15/17, Table 1 ) had mild injuries, with no detectable differences in subplate density by Complexin-3 expression (Fig. 1C, D , Table 1 ). None of the animals examined had severe injury. While infarct volumes were not significantly different across the groups (P = 0.6, Wilcoxon Rank Sum), the ligation method for permanent ischemia produced the largest range of infarct volumes and only two cases with moderate injury severity. In these two cases, HI-Lig appeared to cause greater injury to lower cortical layers (V-VI) than is typically observed with the HI cauterization method, and out of proportion to subplate layer injury. Together these results show that our manipulations did not grossly reduce the numbers of SPNs (Tables 1) .
Both Severities of Neonatal HI Cause Functional Hyperconnectivity in Excitatory Subplate Circuits
So far we have shown that both of our HI methods caused mild injuries with no apparent SPN loss. We next investigated the effects of HI on functional microcircuits impinging on SPNs.
We used laser-scanning photostimulation (LSPS) with caged glutamate combined with whole-cell patch-clamp recordings in thalamocortical slices of A1 ( Fig. 2A ) (Shepherd et al. 2003; Meng et al. 2014 ) to spatially map the connectivity of excitatory (AMPA) and inhibitory (GABA) inputs to primary ACX (A1) SPNs at P5-P10. This age is before the opening of the ear canals and mature thalamocortical transmission to L4 (~P11-12 in the rat) (Zhang et al. 2001; Barkat et al. 2011 ) and during this timeframe there is a high density of SPNs present (Kanold and Luhmann 2010; Hoerder-Suabedissen and Molnar 2015) . We first assessed if HI altered the sensitivity of neurons across the cortical column to exogenously applied glutamate. Loose-patch or cell-attached recordings (N = 97 cells; 49 cells in 9 Control animals; 48 cells in 9 HI-Lig animals) show that the injury did not change the distance from the soma from which action potentials could be elicited (Fig. 2B) nor the numbers of action potentials evoked (Fig. 2C, Table 2 ). Our stimulation evoked on average, 1 action potential in targeted cells. Thus, HI did not lead to gross changes in cellular excitability by exogenously applied glutamate, and thus the spatial resolution of the LSPS technique is not altered after HI. 
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To spatially map the functional synaptic input onto SPNs, we recorded ACX SPNs in thalamocortical slices (N = 121 cells; 46 cells in 8 Control animals, 38 cells in 8 HI-Caut animals, and 37 cells in 5 HI-Lig animals). We first held cells at a holding potential of −70 mV to isolate excitatory synaptic inputs. We sequentially targeted 900 (30 × 30) stimulation sites (40 μm spatial resolution) in a pseudorandom pattern (Viswanathan et al. 2012) . Our stimulation sites covered the entire radial extent of the cortical column from ventricle to pia (Fig. 2D) . If a connection was present between a stimulated neuron and the recorded neuron, a long-latency postsynaptic current (PSC) was revealed ( Fig. 2E) (Meng et al. 2014) .
We first analyzed the excitatory circuits associated with SPNs by holding cells at −70 mV (Fig. 3A) . For stimulation sites that evoked excitatory postsynaptic currents (EPSCs), we measured the size of the EPSC to construct a 2-dimensional map of excitatory connectivity for each cell (Fig. 2F ). This map indicates the strengths of the connections from the location of presynaptic cells to the recorded SPN. We then aligned the maps of all recorded SPNs to the soma position and calculated for every spatial location the probability of being connected to a given SPN, resulting in a spatial connection probability map (Fig. 3B) (Meng et al. 2014) . Compared with the control, qualitative inspection showed that excitatory input to the recorded SPNs seemed to originate from more distant locations and having higher connection probabilities in HI conditions, possibly indicating hyperconnectivity. While the total cortical area that gave rise to inputs did not show a significant difference after HI (Fig. 3C) , laminar analysis showed that both HI conditions caused an increase in the number of excitatory inputs to SPNs (Fig. 3E, Table 3 ). HI-Caut resulted in an increase in excitatory input from within the subplate, while HI-Lig resulted in a larger total area of excitatory input from Layer 5/6 (L5/6) to SPNs (Fig. 3E) . In contrast, the mean EPSC charge of the laminar inputs did not vary ( Fig. 3D, F ; Table 3 ).
Our results show that SPNs receive increased excitatory inputs from within subplate or L5/6 consequent to HI but that the size of individual inputs did not change. Since our thalamocortical slices preserve the tonotopic axis of A1 along the lateral (columnar) dimension of the slice, the extent of inputs to a particular cell is related to the amount of integration across the different frequency areas of A1. Thus, we analyzed the columnar pattern of the inputs to SPNs by averaging the inputs within each rostro-caudal location and then measured the extent of input in the rostro-caudal direction. Compared with Control, HI-Lig resulted in a wider marginal area of excitatory input from L5/6 to the subplate indicating a larger range of integration across the tonotopic axis (Fig. 3G, Table 3 ). Therefore, both HI-Caut and HI-Lig result in hyperconnectivity of excitatory inputs to SPNs. Importantly, while HI-Caut did not cause overt histological changes or SPN loss, we here could detect changes on the functional circuit level. The increase in integration across the tonotopic axis suggests that SPNs receive inputs from a wider range of frequency channels.
HI-Caut Causes Functional Changes in Inhibitory Subplate Circuits
Hypoxic-Ischemic encephalopathy (HIE) results in variable severity of neuropsychological sequelae. About 25% of the affected infants develop epilepsy and cerebral palsy (Lai and Yang 2011) suggesting that inhibitory circuits might be abnormal. Subplate lesions prevent the maturation of inhibition (Kanold and Shatz 2006) and HI in rodents results in decreased cortical parvalbumin expression levels (Failor et al. 2010 ). Thus we hypothesized that GABAergic circuits were altered consequent to HI.
To test if the spatial pattern of inhibitory inputs to SPNs was altered, we held cells at 0 mV to isolate inhibitory inputs and performed LSPS (Fig. 4A) . HI-Caut but not HI-Lig resulted in a larger total area of inhibitory input (Fig. 4A-C) . Laminar analysis revealed that inputs originated from a larger and wider extent of the subplate (Fig. 4B, C , E, G; Table 4 ). In contrast, HI-Lig did not result in changes to inhibitory connection probability. Neither HI procedure changed the mean IPSC charge ( Fig. 4D, F ; Table 4 ). Together, our results show that HI results in hyperconnectivity of excitatory as well as inhibitory circuits. Importantly HI-Caut, which did not cause overt histological defects, resulted in changes on the level of functional excitatory and inhibitory connectivity.
HI Causes an Excitation/Inhibition Imbalance in Subplate
Our HI procedures caused differential changes in excitatory and inhibitory circuits in SPNs. Since for normal brain function a balance of excitation to inhibition is required, we tested if the combined changes led to an imbalance of excitatory and inhibitory input. We first overlaid the spatial probability maps for excitatory and inhibitory connections (Fig. 5A) . Qualitative inspection suggests that connection probability maps under the 3 conditions appear largely coextensive.
To analyze the combined changes in more detail, we calculated for each cell the ratio of the area and charge of the excitatory (AMPA) to inhibitory (GABAergic) input (E/I ratio) for every stimulation site. Compared with Control, HI-Caut resulted in a reduced ratio of E/I for total input area from L4 and L5/6 to SPNs, indicating an unbalanced change of L4 inputs to SPNs that indicates a relative increase in GABAergic inputs (Fig. 5B , Table 5 ). Since HI-Caut did not cause hyperconnectivity in either excitatory or inhibitory connections from L4 to SPNs, this indicates that there are subtle but consistent changes in both inhibitory and excitatory connections from L4 in individual neurons leading to an E/I imbalance. In contrast, HI-Lig shows no changes in total input area to SPNs indicating that both excitation and inhibition changed in a balanced manner.
Calculating the E/I ratio based on the EPSC and IPSC charge or amplitude revealed that similar changes were present in inputs from all layers (Fig. 5B, Table 5 ). Together, these results show that after HI-Caut, which did not cause morphological deficits on the light microscopic level, GABAergic inputs to SPNs show larger relative hyperconnectivity than glutamatergic inputs. Thus, both HI-Caut and HI-Lig differentially alter inputs to SPNs with GABAergic inputs being affected to a larger degree.
Hi-Lig Increases the Dendritic Complexity of Subplate Neurons
Our physiological results show hyperconnectivity of intracortical circuits to SPNs after HI. To examine if the reduced functional connectivity is mirrored in the morphological properties of SPNs, we morphologically reconstructed SPNs (n = 25 Ctrl in 7 animals, n = 10 HI-Lig in 3 animals) (Fig. 6A) . We found that SPNs in HI-Lig show greater numbers of ends and nodes (Fig. 6B) indicating increased complexity of the dendritic tree consistent with the functional hyperconnectivity. Thus, HI-Lig leads to increases in both dendritic complexity and functional connectivity of SPNs.
Discussion
Here we show that an animal model of HI causes distinct changes to functional cortical microcircuits to SPNs in the neonatal rodent. In the absence of overt SPN cell loss, the functional circuit changes were pronounced and thus suggest that even mild early HI insults influence SPNs.
Subplate neurons are selectively vulnerable to early excitotoxic injury (Chun and Shatz 1988; Nguyen and McQuillen 2010) . HI is an important cause of neonatal brain injury that results from energy failure and excitotoxicity resulting in cell death and inflammation (Ferriero 2004 ). Variability of injury severity is a hallmark of HI brain injury in human newborns. In this study, we show that while the transient and milder HI-Caut did not cause gross histological changes, the more severe HI-Lig could cause gross histological changes that were already detectable in auditory cortex by P5-10. These changes were similar to what has been reported in the visual cortex at P32 (McQuillen et al. 2003; Failor et al. 2010) . Nevertheless, we find that in both HI conditions, SPN circuits show hyperconnectivity of excitatory and inhibitory circuits. Moreover, we find that HI-Lig also leads to increased morphological complexity. Thus, SPNs change functionally and anatomically after HI. Therefore, SPN circuits seem to be vulnerable to HI and show circuit changes within a few days after the HI insult. Other insults to the developing brain, such as prenatal valproic acid exposure, also alter SPNs (Nagode et al. 2017) . Thus, our results suggest that SPNs form a common target for many neurodevelopmental disorders.
SPNs are amongst the earliest born neurons in the cerebral cortex, and are among the first to receive input from the thalamus as well as from intracortical sources, and project to L4 (Zhao et al. 2009; Kanold and Luhmann 2010; Meng et al. 2014; Viswanathan et al. 2016 ). Here we show that HI causes an imbalance of excitatory and inhibitory intracortical inputs to SPNs. Thus, the integrative role of SPNs is altered after HI. Since SPNs in sensory cortices can respond to sensory stimuli (Wess et al. 2017 ) altered connectivity to SPNs likely changes sensory processing. An increase in intracortical excitatory inputs to SPNs would be expected to lead to a relatively decreased functional role of excitatory thalamic inputs. This is consistent with the reduced sensory cortical activation consequent of HI (Ranasinghe et al. 2015) .
We find that after HI-Caut, inhibitory inputs to SPNs show relatively larger increases than glutamatergic inputs, leading to decreased E/I ratios. However, the functional effect of this imbalance depends on E Cl which matures in deep cortical layers during the first postnatal week (Shimizu-Okabe et al. 2002) . To date, it is unknown how HI affects E Cl . Overall, our results show on the cortical microcircuit level, the dynamic and laminar-specific effects of differing severities of HI as a possible substrate for how HI can lead to an imbalance of excitation and inhibition as early as P5-10 which in turn can alter subsequent development.
SPNs take part in the generation of spontaneous cortical oscillations (Dupont et al. 2006) , and SPN lesions abolish spindle burst activity in primary somatosensory cortex suggesting that SPNs are a crucial component in the spindle generating or propagating circuit (Tolner et al. 2012) . Altered SPN circuits would be expected to alter such a role of SPNs. HI-Lig in rodents resulted in diminished EEG activity (Ranasinghe et al. 2015) consistent with altered SPN circuits and also with altered EEG consequent to HI in human infants (Murray et al. 2009 ).
Rodent neonatal brain injury models, particularly the RiceVannucci HI procedure, have important limitations with respect to human newborn brain injury (Millar et al. 2017) . The contribution of HI as a mechanism for brain injury in very premature newborns has been questioned (Gilles et al. 2017) . From the standpoint of comparative cortical development, both the rodent subplate layer and mature white matter are diminutive compared with human. Human preterm brain injury is characterized by permanent loss or dysmaturation of myelin, whereas abnormal myelination may only be transient after rodent HI Total number of dendrites is unchanged after HI-Lig (P = 0.19) while total numbers of ends and nodes are increased after HI-Lig (P = 0.02; P = 0.04, respectively Rank Sum). (Liu et al. 2002) . Similarly, the subplate layer in rodents, layer 6b, is very thin throughout development and undergoes comparatively less programmed cell death with persistence of layer 6b in adult animals (Marx et al. 2017) . In contrast the subplate zone in humans, at its developmental peak, may be 2-3 times the width of cortical plate and undergoes nearly complete dissolution (Kostovic et al. 2002 ). The present results should be considered with respect to an appropriate developmental context at the peak of human subplate development from approximately 23 to 29 gestational weeks.
Here we find abnormalities in the functional connectivity of the auditory cortex consequent to HI. Since neonatal HIE in humans is associated with language impairments (Martinez et al. 2014) , our results suggest that altered auditory cortex circuits could contribute to these symptoms. Regardless of the severity of the HI, we find that the basic interlaminar circuitry remains intact, indicating that potentially the observed circuit changes, especially after HI-Caut, which did not result in cell loss, might be reversible. Thus, targeted interventions which selectively modulate SPN circuits might be able to reverse the effects of early HI. While the current treatment for HI is hypothermia (Lai and Yang 2011) , which presumably reduces activity in all neurons, more efficient treatments might involve targeting different, SPN specific receptors, e.g., neuromodulatory receptors for transmitters such as ACh and serotonin (Hanganu and Luhmann 2004; Kilb et al. 2008; Lee 2011, 2014) .
